Ducks play an important role in transmitting and maintaining mammalian viruses in nature, and are a reservoir host of many animal viruses. We analyzed the fecal virome of four strains (A, B, C, and D) of ducks living in isolation by using metagenomic analysis. The feces of the ducks tested contained 18 animal virus families. The percentage values of RNA virus reads, compared to the total animal virus reads in each of the four strains were 96.96% (A), 97.30% (B), 98.01 (C), and 67.49% (D), and were mainly from Orthomyxoviridae, Mimiviridae, Bunyaviridae, Picobirnaviridae, and Reoviridae. Meanwhile, the minority of DNA virus reads were related to Herpesviridae, Adenoviridae, Iridoviridae, and other, low abundance viral families. The percentage values of Orthomyxoviridae, Mimiviridae, Bunyaviridae, Picobirnaviridae, and Herpesviridae reads were not significantly different among strains A, B, and C; however, there were marked differences in the abundance of these reads in strain D. In summary, this study provides an unbiased examination of the viral diversity in the feces of four strains of ducks in specific-pathogen-free periods, and highlights the variation in the percentage of viral families present. These results can be used as a reference for detecting duck viral pathogens and predicting zoonotic potential.
Introduction
Ducks are aquatic birds belonging to the order Anseriformes [1] . China is one of the most prominent countries for duck breeding in world, having the highest duck slaughter rates and breeding stocks. Domestic ducks and waterfowl live side by side in the rice fields and wetlands in China, and the common-living environment provides opportunity for contact between wild and domestic birds [2] . The ducks are a reservoir host of mammalian viruses in nature. Many studies indicate that ducks and geese are more responsible for virus transmission over large geographic distances than gulls and shorebirds [3, 4] . Many reports suggest that low pathogenic avian influenza (LPAI) strains are more frequently isolated from ducks than gulls and shorebirds [3, 5] . This demonstrates that ducks play an important role in amplifying and hosting a range of mammalian viruses [6, 7] .
The traditional methods for the study of viral diseases are limited and have many shortcomings, such as their inability to replicate viruses in cell culture, difficulty in detecting unknown viral sequences by PCR, and the lack of crossreacting antibodies for known viruses [8] . With the development and use of viral metagenomic analyses, many of these limitations and shortcomings can now be avoided. These methods have been used since their inception to identify the unbiased viral diversity from the digestive tract of humans [8] , bats [9] , turkey [10] , pigs [11] , pigeons [12] , and ducks [13] .
In this study, we used viral metagenomics to explore a new method to detect known duck viruses and obtain the viral spectrum of ducks in specific-pathogen-free (SPF) revolution periods while living in isolation. We described the duck viral families identified, which included Orthomyxoviridae, Herpesviridae, Picobirnaviridae, Reoviridae, Adenoviridae, Flaviviridae, Poxviridae, Circoviridae, and other uncharacterized duck viral families, excluding insects, plants, and phage viral reads. These results provided a baseline fecal virome for ducks in isolation, which could be used as a reference for purifying duck viral Lili Zhao and Yinjie Niu contributed equally to this work.
* Hongyan Chen hychen@hvri.ac.cn pathogens in the SPF revolution period, and in predicting future viral disease outbreaks.
Materials and Methods

Duck Feces Samples
Jinding ducks, known as mallards, belong to the sheldrakes and are laying ducks in Jiangsu province, China. The Jinding ducks are known for high laying rate, therefore, we introduced progenitor Jinding eggs of four strains of ducks (A, B, C, and D) from Jiangsu's Fengda waterfowl breeding field of the national waterfowl germplasm resources gene pool. The ducks were divided into four strains (A, B, C, and D) based on genetic background. In order to obtain the SPF ducks, the ducklings lived in isolation from hatching. We detected the viral pathogens [duck hepatitis A virus (DHAV), duck plague virus (DPV), avian leukosis virus (ALV), avian reovirus (ARV), goose/ duck parvovirus (GPV), duck circovirus (DuCV), duck Tembusu virus (DTMUV), and Newcastle disease virus (NDV)] and antibodies (avian adenovirus group III, NDV, H5, H7, and H9 subtypes AIV) by using polymerase chain reaction (PCR) and hemagglutination inhibition tests once a month in the first 3 months, then once every 2 months. Once any virus pathogens were detected in the ducks, they were eliminated immediately. Fecal specimens from four strains were collected in December 2015. Three fecal samples were taken from ducks of each strain, and three fecal samples from the same strain were mixed into a single sample. The sample was immediately suspended in phosphate buffer saline (PBS). The stool suspension was centrifuged at 12,000×g at 4 °C and the pellet was discarded. The supernatant was transferred to a new tube and centrifuged for a second time. The supernatant was filtered through a 0.22 µm filter, in order to remove the nucleic acid not in viral capsid, and we added DNaseI (Roche Basel, Switzerland) and RNaseH (Toyobo, Tokyo, Japan) to the filtrates [8] . Viral DNA was isolated according to the traditional phenol/chloroform extraction method, and viral RNA was extracted using RNAiso plus (Takara, Dalian, China) [14, 15] . The extracted RNA was reverse-transcribed using SISPA (Sequence-independent, single primer amplification), with the K-8N primer (GAC CAT CTA GCG ACC TCC ACNNNNNNNN) described previously [16] [17] [18] . The dsDNA and viral DNA were mixed and detected using the Qubit dsDNA HS assay (Invitrogen, Carlsbad, CA, USA). After product inspection, the sample was sheared into random 300 bp fragments and prepared for sequencing using PE150, Illumina HiSeq 4000 [19] .
Bioinformatics
The raw data were pretreated by removing the low-quality data, which accounted for more than 40% of the reads including bases reaching a certain proportion of reads; overlap between adapters above a certain threshold value; and if the sample was polluted by the host the results were compared with the host database and probable host reads filtered out. The pretreated sample (Clean Data) was blasted with the NCBI viral genome database, NT viruses database, and ACLAME database by setting a threshold e value less than e −3 [9] . The reads of clean data were classified into family, genus, and species.
Verification of AIV and DPV
We used the national standard M gene primers (MF: TTC TAA CCG AGG TCG AAA C; MR: AAG CGT CTA CGC TGC AGT CC) to detect AIV, and purified PCR product, then sequenced, and analyzed sequence of the product. DPV was detected using PCR with GBF and GBR primers (GBF: GAG CGT ATT TAG TAG AAA CTGC; GBR: TGA ATG TTG TGA TTG TTC ).
Results
Viral Sequences Overview
Stool samples were collected from four strains (A, B, C, and D) of ducks in isolation. Viral nucleic acids were enriched and purified by concentration and filtration, then sequenced, generating >61,139,452 reads. Sequence reads for each strain were classified based on Blastx scores (E ≤ e −3 ). Some 87.28, 82.85, 84.53, and 59.54% of the reads from the A, B, C, and D strains were not annotated to any viral sequences from the databases, respectively (Fig. 1) . The virus reads of the D strain was more than the other three strains.
The most abundant viral families in each of the four duck strains were different. The majority of virus family reads in strain D belonged to animal viral families, while the phage viral families dominated in strain C. In strain B, the most abundant viral families were Inoviridae and Caulimoviridae, meanwhile, the most prevalent viral families from strain A belonged to DNA viruses (Fig. 2) . The annotated reads mainly belonged to 34 viral families as in the four strains (each virus family reads of three groups >50). In addition to phage reads, there were 27 viral families. Some [1.31% (A), 0.91% (B), 2.62% (C), and 0.20% (D)] of the viral reads were not classified as any known viral families (Fig. 3) . The plant viral reads were 0.75% (A), 0.39% (B), 0.27% (C), and 0.11% (D) of the total viral reads of each strain, while 0.23% (A), 0.14% (B), 0.40% (C), and 0.04% (D) of each strain were contributed by insect reads (Fig. 3) . These results indicated that the composition of unclassified viral reads, plant viral reads, and insect viral reads were largely unchanged among the four duck strains, compared to the large differences in phage and animal viral reads between the strains.
The phage viral reads were 37.23% (A), 16.99% (B), 29.21% (C), and 1.59% (D) of the total viral reads of each strain (Fig. 3) . The fecal samples of the four strains (A, B, C, and D) mainly contained major double-stranded DNA myoviruses, siphoviruses, and podoviruses, and single-stranded DNA inoviruses and microviruses. The phage reads in the four strains had different components. The percentage of phage reads in strain D was the lowest among the four strains (Fig. 4) . The bacteriophage-like reads of the four strains of duck feces were dominated by double-stranded DNA phage reads (Fig. 4) . However, the Myovirus reads from strains A and D were twice as prevalent as in the B and C strains. The percentage of Inoviridae reads in strain B was 60-120 times higher than in the A, C, and D strains (Fig. 4) .
Comparison of Animal Viral Reads in Different Duck Strains
The percentage values of eukaryotic animal virus reads in the four duck strains (A, B, C, and D) viral sequence reads were 60.48, 81.57, 67.50, and 98.06%, respectively (Fig. 3 ). All such reads comprised 18 viral families. Next, the fecal animal viral reads of the A, B, C, and D strains were compared. A total of 96.96% (A), 97.30% (B), 98.01% (C), and 67.49% (D) of animal viral reads in each strain were related to RNA viruses from Orthomyxoviridae, Mimiviridae, Bunyaviridae, Picobirnaviridae, Reoviridae, and five other viral families (Fig. 5) . The percentage values of Orthomyxoviridae, Mimiviridae, Bunyaviridae reads compared to the total animal virus reads were lowest for strain D (64.91, 0.04, and 0.03%, respectively) and highest for strain A (95.59, 0.43, and 0.14%, respectively), B (96.48, 0.20, and 0.10%), and C (96.93, 0.28, and 0.18%). However, the percentage values of Picobirnaviridae reads, compared to the total animal virus reads were 0.13% (intermediate), 0.03, 0.01% (lowest), and 2.26% (highest) for strains A, B, C, and D, respectively (Fig. 5) . The minority of viral reads matched to DNA viruses, including Herpesviridae, Adenoviridae, Iridoviridae, as well as five other viral families (Fig. 5) . There was no marked difference in the percentage of Adenoviridae and Iridoviridae among strains A, B, C, and D. A total of 2.23% (A), 2.10% (B), and 1.45% (C) of the total animal virus reads were from Herpesviridae, which was much more abundant in strain D (32.24%) (Fig. 5) . 
Validation of AIV and DPV
Orthomyxoviridae and Herpesviridae virus are important pathogens for healthy duck breeding. In our study, Orthomyxoviridae and Herpesviridae reads were the most abundant. AIV is a segmented negative-strand RNA virus enveloped in capsid protein and belongs to the Orthomyxoviridae family [20, 21] . Aquatic birds are a migration DPV belongs to the family Herpesviridae and its genome is composed of double-stranded DNA and is 158,091 bp in length [22] . DPV causes acute contagious infections among ducks, geese, and swans, and is known as duck virus enteritis (DVE) and duck plague (DP). DVE causes high morbidity and mortality, which leads to enormous economic losses in waterfowl breeding [23] . Herpesviridae reads dominated among the DNA animal virus reads; however, identification of DEV reads in four strains was rare. No amplification products were detected. These results indicated that the metagenomic analysis was reliable.
Discussion
Migratory aquatic birds are the intermediate hosts of many viruses. Domestic ducks and waterfowl live side by side in the rice fields and wetlands in China. The way in which ducks feed provides the conditions for spreading viruses between wild birds and ducks [2] . Ducks play an important role in spreading and maintaining viruses in nature. We described here the contents of viral sequence reads of four strains (A, B, C, and D) of ducks in an SPF evolution period.
The four strains contained the five phage viruses as follows: myoviruses, siphoviruses, podoviruses, inoviruses, and microviruses. This was consistent with the previously reported phage composition of ducks, human, pig, and equine feces by metagenomic analysis [11, 13, [24] [25] [26] . A high percentage (99.43, 69.17, 95, 97.68%) of phage reads was double-stranded DNA viruses and belonged to the order Caudovirales, while the B strain had a higher percentage of inovirus reads than the A, C, or D strains. The differences between the four strains reflected subtle difference among intestinal flora environments. However, the similar phage contents of the four strains suggested that they have almost the same composition of gut bacteria.
Duck stool and blood samples were detected seven times by PCR before metagenomic analysis. Once AIV, DHAV, DPV, ALV, ARV, avian adenovirus group III, GPV, DuCV, DTMUV, or DNV were detected, the ducks were eliminated. However, all four strains included about 300 species of virus, showing a high level of mixed infections. This high level of coinfections may be an overestimate. If the reads are aligned, assembled, and analyzed, the number of virus sequence reads from a sample may decrease. AIV, DHAV, and ALV reads were found in all four strains. One and two GPV reads were detected in the A and C strains, respectively. Duck circovirus reads were detected in the B strain. Anatid herpesvirus 1, known as DPV, Fowlpox virus, Canarypox virus, and pigeonpox virus reads related to duck were found and relatively scarce, and those viral reads were identified in Indian ducks feces [13] . The result suggested that the sensitivity of PCR was not high; we should adopt a variety of methods to identify pathogens in samples. The fecal viral reads of ducks contained avian Coronavirus reads; however, we did not detect this viral pathogen in the ducks in our study. This provided a baseline reference for purifying the ducks in isolation.
The fecal samples contained plant and insect viral reads, including Geminiviridae, Partitiviridae, Phycodnaviridae, Bunyaviridae, Caulimoviridae, Alphanodavirus, Iridoviridae, and Baculoviridae, reflecting the ducks' diet. The feces of sea lions contained insect virus reads [27] , and the plant and insect virus reads were also detected from human feces [28, 29] . The plant and insect virus reads were different from the previous metagenomic analysis of duck gut [13] , indicating that the diet and social habitation of Jinding ducks and Indian wild ducks were different. The majority of virus reads of fecal samples were animal viruses, including AIV, cercopithecine herpesvirus, human picobirnavirus, bluetongue virus, murine mastadenovirus A, Alphapapillomavirus 9, and human endogenous retrovirus, which could infect mammals. AIV also infects birds. Ducks are aquatic birds that live in the same environment as wild birds and act as intermediate hosts between mammals and wild birds. Thus, the mammalian viral reads from duck feces provides a wake-up call for the potential for anthropozoonosis.
The four strains had similar compositions of animal viruses; however, the percentage of per viral family reads exhibited differences among the four strains. The percentage of annotated viral reads, compared to the total reads, and the percentage of animal virus reads in the total viral reads of strain D were significantly higher than the A, B, and C strains. However, the percentage of RNA virus reads in the total animal virus reads was lowest for strain D, compared to the other strains. Meanwhile, the percentage of Picobirnaviridae and Herpesviridae reads was highest for strain D, while the percentage values of Orthomyxoviridae, Mimiviridae, Bunyaviridae reads in strain A, strain B, and C strain were markedly higher than in strain D. These results suggested that the D strain ducks were more susceptible to viruses. The susceptibility and adsorption of the C strain may be very low for viruses. However, the difference in abundance of each viral family among the four duck strains reflected that the susceptibility of different strains for one viral family may be different. The four strains were divided based on their genetic background. The division genes of these strains may be key factors for adsorption, susceptibility, and innate immune response to viruses. The differences that occur among the strains may be related to susceptibility genes and the innate immune-related host genes [30] . However, Pekin, Muscovy, and mallard ducks infected with an H5N1 HPAI showed a systemic infection with high mortality. Muscovy ducks produced more severe clinical symptoms and had a poor response to vaccination. Nevertheless, the expression of innate immune-related genes was similar in the spleens of ducks infected with viruses [31] . In this study, we did not detect the expression of innate immune-related genes from the four duck strains. The expression of innate immune-related genes of the four duck strains will be examined and compared in future studies.
In summary, this study provided an unbiased overview of the fecal virome of ducks and compared the similarities and differences of viral family reads among four duck strains. Sequencing of the fecal virome of ducks by metagenomic analysis should provide a useful method to further examine a range of mammalian viruses of SPF ducks. Characterizing the feces virome of four genetically distinct duck strains provided a reference for purifying duck viral pathogens and facilitating improvements in animal health and production.
